A new thermal environment meter, simultaneously sensible to the various heat and mass transfer phenomena that participate in the human body thermal balance was developed. Relative to the existing heated sensors that simulate only the sensible heat processes, it adds the capability of evaluating also the effect of evaporative heat losses. It has an ellipsoid shape and is made of ceramic material with porous characteristics to allow the appearance of a uniform humid layer on its external surface. It behaves like a person who adjusts his metabolic rate to ensure a constant deep-body temperature. The inner volume of the sensor is filled with water that is heated to a temperature similar to the deep-body temperature of a person. Evaluation of a given environment is derived after the measured values of the electrical power required to keep the water temperature constant and the loss of weight due to water evaporation on the external surface of the sensor. The developed sensor responds to the same heat transfer mechanisms (convection, radiation, conduction and evaporation), but acts as a type of person who would adjust his metabolic rate in order to keep the deep-body temperature at a constant value whatever the environmental conditions. The calibration of the sensor response, in terms of the standard effective temperature index, was carried out, which makes it a very useful tool for the characterization of thermal environments, especially those where the thermal regulation system needs to use the sweating mechanism.
Nomenclature

Introduction
A major challenge for engineering science, since the beginnings of mankind, has been to develop comfortable and safe indoor environments for people, independently of the existing outdoor climate conditions. People's growing demands for comfort in occupied spaces and realization about the need for efficient management of the non-unlimited energy resources explain the importance nowadays given to the evaluation of thermal environments. This type of evaluation can be done by different measurement methods, one of the most convenient being the use of measuring devices equipped with a unique sensor that is simultaneously sensitive to the influence of most physical parameters characterizing the thermal environment and capable of summarizing the conjugated effect of all of them in only one value-a comfort or heat stress index. The first attempts to develop an apparatus with these characteristics are due to Dufton [1] who developed the so-called eupatheostat consisting of an electrically heated vertical copper cylinder (height = 550 mm and diameter = 190 mm). It was used to calculate a thermal environment index from the value of supplied power necessary to keep its external surface at 24
• C. The sensor was sensible to the conjugated effects of air temperature, radiant temperature and air velocity. Vernon [2] and Bedford and Wagner [3] introduced the Black Globe temperature sensor. It consists of a hollow copper sphere, usually 150 mm in diameter, coated in matt black paint, where a resistance temperature detector (RTD) measures the temperature in its geometric centre. After equilibrium has been reached, the measured temperature results from a balance between heat transfer radiation and convection. Botsford [4] improved the concept with the introduction of the Botsball, a hollow black sphere, covered with an elastic cotton layer, wetted with water absorbed by capillarity from a small reservoir. This sensor adds to the former one the capability of responding also to the air humidity effect on the evaporative losses. However, the spherical form and the black colour painting are not considered the best solution to simulate the human body shape and it has a passive character, because the adopted temperature depends only on the environmental conditions, which is not the case for a human body.
Madsen [5] has developed a thermal comfort meter with an ellipsoid shape sensor that simulates the human body sensible heat losses. Its working principle is based upon the human thermal regulation model, derived by Fanger [6] , where the relationship between the comfort sensation felt by a person and his skin temperature and heat losses are established. The evaluation of a given room, in terms of thermal comfort, is derived from the electric power that must be supplied to the ellipsoid sensor to keep its external surface at a predefined temperature. The value of this temperature depends on the data introduced into the measuring device about the thermal insulation of clothing and the metabolic rate of the person that is simulated by the sensor. It determines PMV and PPD comfort indices, accordingly to the ISO 7730 Standard [7] and the equivalent and operative temperatures for the studied environment. Madsen's meter simulates only dry heat losses of the human body, being, thus, sensitive to the effect of air temperature, radiant temperature and air velocity. The average effect of the environmental relative humidity is taken into account through the introduction, by the operator, of data about it. This procedure is adequate for comfortable environments where the sweating thermal regulation mechanism plays a minor role. However, there are many environmental situations, for example cool-down or warm-up transients, where the time evolution of the relative humidity and its effect on human sweating deserve a detailed following, which justifies the need for sensors capable of simulating not only dry, but also evaporative latent heat losses.
The use of a detector device based on the same measuring principle as the thermal comfort meter and designed to be inserted for example in a safety belt of a motor vehicle, is proposed by Mingrino et al [8] . Schwab and Mayer [9] developed a flat surface sensor, to simulate locally the behaviour of human skin, whose working principle is based upon the correlation of the equivalent temperature with the resultant surface temperature of the artificial skin warmed at a constant heat flux. Another type of sensor, named local discomfort meter and consisting of a doublesided heated skin element, has been developed by Madsen et al [10] . The difference in the mean heat flux from the two opposite elements is considered as representative of the thermal asymmetry between the side facing the place occupied by the simulated person and the other side facing the surrounding environment. The value of a quantity called perceived heat flux, which represents the local thermal discomfort sensation, is computed by a microprocessor included in the system. A more detailed description of the former sensors and methods can be found in Silva [11] .
Measurement devices to contemplate situations where heat stress occurs are considered in ISO Standards 7726 [12] and 7243 [13] , where the wet black globe temperature (WBGT) index is defined, but there is a need for three different sensors to measure this index (wet temperature, dry temperature and globe temperature).
A new thermal environment meter, simultaneously sensible to the various heat and mass transfer phenomena that participate in the human body thermal balance was developed by the authors. The research started with the aim of investigating the adequacy of ceramic porous materials to simulate the evaporation on human sweating mechanism, which was proved during the preliminary phases of the work, where various materials were tested. It was decided to make an ellipsoid heated sensor, to test the concept, adding the capability of evaluating the effect of evaporative heat losses to the characteristics of existing meters of this type, using the material that revealed better results among those that were tested before. Finally, once the measuring chain and the data acquisition software were developed, the meter was calibrated in order to allow the assessment of a given environment in terms of one of the existing thermal indices. As it is sensible to the effect of relative humidity, standard effective temperature was considered to be the most suitable one.
Theoretical model
There are different phenomena contributing to the energy balance between the human body and the surrounding environment. The energy balance equation (see figure 1) , proposed in the ASHRAE Handbook of Fundamentals (chapter 8) [14] , for the human body, is
The human thermoregulatory system acts on different terms of equation (1) to keep the body temperature within safe limits, avoiding health problems that can result from hyperthermia or hypothermia. The regulatory centre is located in the hypothalamus, which controls various physiological processes to maintain the temperature around a set point value defined as a function of the metabolic rate (typically 36.8
• C, for a resting person, and 37.9
• C, for a person with a high activity level, Fanger [6] ).
The developed sensor responds to the same heat transfer mechanisms (convection, radiation, conduction and evaporation), but acts as a type of person who would adjust his metabolic rate in order to keep the deep-body temperature at a constant value whatever the environmental conditions.
Assuming some simplifications (figure 2)-the sensor is homogeneous and isotropic, the temperature of water inside it is evenly distributed and the water film in the external wall is uniform-the heat balance equation for the external layer of the sensor's wall becomes
If steady-state conditions are assumed, the heat storage terms S wt and S w can be neglected and the equation becomes
The terms in the former equation can be determined from the following expressions, being the value of Q i imposed by the power supplied to the electrical resistance used to keep water inside the sensor at a temperature of 36.5
• C, which is the usual core temperature of the human body.
In the former equation, presented by Chen and Pei [15] , R gc is the universal gas constant (J kmol −1 K −1 ) and M wm is the water molar mass (kg kmol −1 ). A simple computational model was written in Basic language, using the equations formerly presented and the correlations proposed by Yovanovich [16] for the determination of the heat transfer coefficients of an ellipsoidal shape body, to be used as a sensitivity analysis tool for the sensor. The inputs for the model are the physical characteristics of the sensor, the environmental conditions (air temperature, radiant temperature, air velocity, relative humidity) and the temperature of water inside the sensor. As output, it gives the magnitudes and senses of the various heat fluxes, the evaporation rate of water on the external surface of the sensor and the amount of power needed to keep its inner temperature constant.
Design and construction
After some preliminary tests to choose the most adequate material and manufacture process, it was decided to make an ellipsoid shape transducer, in ceramic porous material (figure 3).
Common technological processes of the ceramic industry were used, that is a mould in gypsum was filled with a suspension of the ceramic material in water. The shape of the sensor was obtained, once the gypsum walls of the mould absorbed the water and the ceramic material adhered to its inner surface. Finally, the resulting shape was cooked in an oven. The porosity of the wall of the sensor was set, in the manufacturing process, in such a way that, for the typical environmental conditions foreseen for its future use, a uniform continuous humid layer could be formed on the external surface, but without water dropping. This is a condition that rarely occurs for the human body, where only for very particular cases is such a skin humidification rate reached.
The inside of the sensor was filled with normal water and a small glass bulb lamp (12 V and maximum power 35 W) of the type commonly mounted in lights of cars, was used as heater. Until now any problem of mineral deposition in the porous wall of the sensor has not been detected, which could be due to the properties of the local water, which has very low calcium content. It was supplied through an industrial temperature controller Omron E5 CS, which received the input signal from a Pt100 RTD placed in the water inside the sensor. The temperature was set to 36.5 ± 0.5
• C, a value close to the typical human deep-body temperature.
Experimental setup
Two output variables about the sensor were collected-the electric power supplied to the heating lamp and the loss of water by evaporation on its surface.
The power supplied to the sensor was derived from the duration of the energizing periods, once the electrical supply of the heating resistance was done by a continuous current at a constant intensity and a constant voltage.
To measure the loss of water with time, the sensor was placed over a precision balance A&D 3000, with a 3.100 kg total range, and a resolution of 0.01 g. The balance values were digitally sent to a computer through the RS232 serial port. A data acquisition application was written in the software language Testpoint to automate the tests. The environmental parameters characterizing the thermal conditions inside the test chamber were also acquired and monitored throughout the tests. Besides the former referred values about the sensor, air velocity, relative humidity, air temperature and operative temperature were captured. The analogue voltage signals of the various transducers were acquired by a PC through a plug-in interface board Keithley DAS 801. The air velocity was measured, with an error less than 0.03 m s −1 , by a Swema Air 300 device equipped with a low velocity thermal anemometer probe. Air temperature and relative humidity were measured by a Rotronic Hygrometer YA-100 probe, which has an inaccuracy specified by the manufacturer of less than 0.5% in the humidity and 0.02
• C in the temperature.
A Thermal Comfort Meter Brüel and Kjaer Type 1212, which is a commercial version of Madsen's sensor, was used to measure the operative temperature inside the chamber, allowing, thus, to check how far radiant temperature was from air temperature.
A schematic representation of the measuring chain is depicted in figure 4 and a picture of the inside of the climatic chamber with the various sensors is presented in figure 5 . 
Preliminary tests
Some preliminary tests were conducted to check the response of the sensor and its associated measuring chain. The first phase consisted of the verification of the occurrence of a constant slope decay of the weight of the sensor when it is subjected to constant environmental conditions. This fact is a good indication that a uniform humid layer is formed and maintained all over its external surface. In long duration tests performed under constant environmental conditions (see figure 6 ), it was verified that the level of water inside the sensor does not affect its sweating rate, once a small minimum is exceeded. Due to the low mass of the water film on the surface and to the strength of the capillarity forces, the rate of water feed to the surface, for non-varying environmental conditions, remains practically constant.
In figure 7 , the time evolution of the evaporation rate of the sensor, defined as the mass decay per time unit and per surface unit (g h
), during a test done under non-uniform environmental conditions, is presented. Relative humidity was varied and the other parameters (air temperature, radiant temperature and air velocity) were kept constant. Analysing the response to humidity variations, a good sensitivity of the sensor is verified. Also a good repeatability of the response of the sensor is checked in the representation of the data points used in figure 8 . Figure 9 refers to a test conducted with the objective of studying, in detail, the warm-up transient phase of the sensor, in a trial to evaluate its initial response time. Of course, it depends on the initial temperature of water used to fill the sensor, but in the reported case with the initial temperature of water at ambient temperature (20 • C), the initial warm-up phase took around 400 s.
Experimental results were also compared with simulations performed with the formerly referred simple computational model based upon the energy balance equations for the sensor's wall. In figure 10 the total thermal power Q T released by the sensor by radiation, convection and evaporation is compared for experimental tests and numerical simulations done for similar environmental conditions. Each depicted point refers to a pair of values of the type (numerical value, experimental value). There is a reasonable concordance between the two sets of values with a correlation factor equal to 0.95, the maximum dispersion occurring around a thermal power of 350 W m −2 . In figure 11 , a similar comparison between numerical and experimental data is done in terms of the evaporation rate of the sensor SR, expressed in units of g h −1 m −2 , conducting its analysis to very similar statements as those about figure 10.
Calibration in terms of SET index
To be effectively used as a tool for the assessment of environmental conditions in multiple indoor environments, the developed sensor needed to be calibrated in terms of a thermal comfort or heat stress index.
Calibration of the sensor was done subjecting it to a large number of different environmental conditions defined by combinations of air temperature, air velocity and relative humidity, inside the small climatic chamber developed for this purpose. In mathematical terms, the calibration procedure consisted in building an analytical model that establishes the relationships between an environmental evaluation index and the values measured by the sensor (released thermal power (Q T ) and sweating rate (SR)).
Standard effective temperature (SET), introduced by Gagge [17] was selected as the most appropriate index for this sensor, because it considers the combined effects of air temperature, radiant temperature, air velocity, humidity and clothing worn by people inside the space under evaluation. All the physical parameters that influence the response of the sensor are considered by the index. SET is defined as the uniform temperature of an imaginary enclosure, with null air velocity and a relative humidity of 50%, where an occupant would lose the same amount of heat as in the actual environment ( figure 12 ). This index is associated with the perceived thermal sensation, on the scale presented in table 1, adapted from [17] , to relate ranges of SET with human thermal sensation.
For the determination of SET value, the insulation due to clothing in the imaginary enclosure is modified, as a function of the simulated metabolic rate, according to the values presented in table 2.
In the human body, the heat exchanged at the skin level (Q sk ) is equal to the sum of parcels relative to sensible and latent heat,
where h (W m −2 • C −1 ) is the global sensible heat transfer coefficient, h m (W m −2 Pa −1 ) is the mass transfer coefficient, which can be related to the convective heat transfer coefficient, w is the dimensionless skin humidification rate, p sk (Pa) is the saturation pressure at the skin temperature T sk ( • C) and p a (Pa) is the partial water vapour pressure in the ambient air. The operative temperature index T o ( • C) is used to characterize the ambient. The skin humidification rate w represents the ratio between the actual evaporative loss and the maximum losses achievable by a completely wet body.
The definition of SET imposes that the person presents the same values of Q sk , w and T sk either in the real enclosure or in the standard one, where the uniform temperature (radiant and of air) is equal to the SET value and the relative humidity is 50%,
In this equation, a prime ( ) means that coefficients already include the influence of clothing on the increase of the exposed external surface and on the variation of thermal insulation and permeability to water vapour. The sub-index (s) refers to the ambient standard conditions and p SET (Pa) is the saturation pressure for the temperature SET of the imaginary enclosure. For the particular conditions (T a = T o , I cl = I cls , h = h s and h m = h ms ) that were verified, SET value, for each environmental condition simulated in the experimental tests of the present work, can be determined from
The sensor was subjected to different environmental conditions, corresponding to different SET values, and its output values (Q T and SR) were collected. A twovariable fourth-order polynomial function was used to fit the experimental points of SET values expressed as a function of Q T and SR:
The numeric coefficients of the polynomial were obtained through a regression process, using the method reported by Netter and Wasserman [20] that corresponds to a way of applying the least-squares method using matrix algebra.
An example of the derived model fitting surface which is the geometrical representation of equation (12) for a particular condition defined by the values of the metabolic rate and skin of an analysed person is depicted in figure 13 . The calibration procedure was also tested for other values of metabolism and skin wetness and no influence of these parameters on the accuracy of the method was detected. It depends mainly on the precision of the output data from the meter and of the measured values of environmental parameters.
An analysis of the errors introduced by the fitting algorithm used on calibration was done. The SET values for the pre-imposed calibration situations were recalculated introducing into the model equation the values of SR and Q t that were measured during calibration tests.
Absolute errors of SET were computed through the modulus of the difference between pre-imposed and recalculated values. The results of this error analysis are depicted in figure 14 . Absolute errors of SET are in a large part of tested environments in the range between 0 and 1
• C and always lower than 2.5
• C. Although this maximum value seems to be relatively high, according to the authors' experience, it is of the same order of variability as those of other meters that simulate the effect of sweating (e.g. sweating mannequins). Nevertheless, some improvements are expected, as regards the accuracy of this method. For this first calibration, distribution of environmental conditions in terms of air temperature and relative humidity was not very uniform and some areas of the domain were tested more extensively than others, which is not the most convenient situation for the fitting method.
Summary
A new thermal environment meter, simultaneously sensible to the different thermal phenomena that influence the heat balance between man and the surrounding environment, was developed and tested. The used sensor represents an advancement relative to the existing ones in terms of the direct response to all the physical parameters that characterize the climatic environment, including the relative humidity. The adequacy of the idea of using ceramic porous material to warrant the existence of a uniformly distributed humid layer that is formed and stays on the external surface of the sensor's body was confirmed. The selected material proved to be suitable for the function in terms of mechanical resistance and constancy of permeability characteristics. The possibility of regulation of the porosity of the material during the manufacture process was revealed to be of major importance, because it is fundamental to adjust the permeability of the sensor's wall to have a uniformly distributed humid layer without water dropping, which represents a step forward in the simulation of the evaporation in human sweating mechanism. Nevertheless, it should be stated that the meter has a passive character in terms of this mechanism; the quantity of water flushing into the surface is not directly controlled, the evaporation rate being determined by the climatic conditions of the surroundings. A simple computational model based upon the integral heat balance equation for the sensor was written to accompany the development of the prototype, allowing the execution of parametric studies. A good concordance was achieved between the numerical forecasts and the experimental tests done for a large number of environmental conditions, with a correlation factor equal to 0.95 (cf figures 10 and 11) for both primary output variables of the meter, total released power and evaporation rate.
The meter was calibrated in terms of the standard effective temperature index and achieved results confirm that the adopted calibration procedure generates a 3D surface that conveniently fits the experimental values. The accuracy of the calibration procedure can still be improved, if a more uniform distribution is used for the data points of the environmental conditions domain. There is a predominance for certain ranges of environmental conditions inside the climatic chamber and some parts of the domain have few points, which implies less precision of the surface fitting process, during calibration. In the future, some improvements in the calibration process are required in terms of spatial and temporal uniformity of the conditions inside the climate chamber.
Further research will be carried out to study in detail the time response of the sensor to transient phases. Also some more detailed parametric studies, particularly in terms of the influence of air velocity and radiation, will proceed.
